[1] The fate of particles in the mixed layer is of great relevance to the global carbon cycle as well as to the propagation of light in the sea. We conducted four manipulative field experiments called ''Chalk-Ex'' in which known quantities of uniform, calcium carbonate particles were injected into the surface mixed layer. Since the production term for these patches was known to high precision, the experimental design allowed us to focus on terms associated with particle loss. The mass of chalk in the patches was evaluated using the well-calibrated light-scattering properties of the chalk plus measurements from a variety of optical measurements and platforms. Patches were surveyed with a temporal resolution of hours over spatial scales of tens of kilometers. Our results demonstrated exponential loss of the chalk particles with time from the patches. There was little evidence for rapid sinking of the chalk. Instead, horizontal eddy diffusion appeared to be the major factor affecting the dispersion of the chalk to concentrations below the limits of detection. There was unequivocal evidence of subduction of the chalk along isopycnals and subsequent formation of thin layers. Shear dispersion is the most likely mechanism to explain these results. Calculations of horizontal eddy diffusivity were consistent with other mixed layer patch experiments. Our results provide insight into the importance of physics in the formation of subsurface particle maxima in the sea, as well as the importance of rapid coccolith production and critical patch size for maintenance of natural coccolithophore blooms in nature.
Introduction
[2] Knowledge of particle production and loss rates is essential for interpreting and predicting optical and biogeochemical variability in the marine environment. The biological, chemical, and physical factors that affect vertical particle distributions in the mixed layer can be summarized as follows: (1) particle production at growth optima or upwelling regions where nutrient-rich water is uplifted into the euphotic zone [Dugdale and Wilkerson, 1989; Holligan et al., 1984] , (2) binding of organic polymers into nanogels then microgels [Alldredge and Silver, 1988; Chin et al., 1998 ], (3) grazing and particle removal [Banse, 1994] , (4) ocean physics (e.g., sinking, subduction, shear dispersion) [Haury et al., 1990; Itsweire et al., 1993] , and (5) remineralization/dissolution of particles [Milliman et al., 1999; Sarmiento et al., 1990] (Figure 1) .
[3] Minerogenic particles play a disproportionate role in ocean optics because of their high refractive index, which increases the efficiency of light scattering. The important role of minerals was initially hypothesized beginning with the work of Brown and Gordon [1974] , in which small mineral particles were thought to be a potential source of unquantified backscattering. Ahn [1990, 1991] also suggested the potential role of minerals in accounting for ''missing backscattering'' in the sea. At about the same time, Stramski and Kiefer [1991] also suggested that mineral particles might be important scatterers in the marine environment.
[4] Calcium carbonate particles have a disproportionate impact on ocean optical properties and biogeochemistry because of (1) their high abundance in nature (1/4 of all marine sediments are made of CaCO 3 , and typical seawater concentrations of CaCO 3 particles exceed hundreds per mL), (2) high refractive index (making them some of the most efficient light scatterers), and (3) high density (providing ballast for sinking organic matter). Not only is the mineral composition important for these particles, but particle size is critical to their optical properties as well. Specifically, detached coccoliths (disc-shaped scales from coccolithophores; several microns in diameter) and plated coccolithophores (spherical cells, 5 -15 mm in diameter, surrounded by calcite coccoliths) have some of the largest backscattering cross sections of marine particles, which make them some of the strongest light scatterers in the sea. The only other particulate inorganic carbon (PIC) that can scatter as efficiently as coccoliths are the micron-sized aragonite particles found in relatively rare whitings that occur over carbonate banks [Broecker et al., 2000; Morse et al., 2003; Robbins and Blackwelder, 1992] . For comparison, detached coccoliths scatter orders of magnitude more light per mole PIC than do foraminifera or pteropods [Balch et al., 1996b] . They also show negligible absorption of visible light [Balch et al., 1991] .
[5] On their own, detached coccoliths sink slowly, on the order of 0.1 m d À1 [Balch et al., 1996c; Honjo, 1976] . However, when aggregated to other particles or packed into fecal pellets, they can provide important ballast to increase sinking rates of particles to hundreds of meters per day [Honjo, 1976] . Indeed, this is supported by the observation that the vertical flux of organic matter is well-correlated to the carbonate content of the sinking debris [Armstrong et al., 2002; Francois et al., 2002] .
[6] Blooms of coccolithophores are common at high latitudes in early summer months [Balch et al., 2005; Brown and Yoder, 1994; Holligan et al., 1993 Holligan et al., , 1983 , where PIC concentrations can reach as high as 30 mmol PIC L
À1
, 30X the typical background concentration [Balch et al., 2005] . The blooms are easily visible from space and often last for durations of 2 -3 weeks. The onset of a bloom is relatively rapid as coccoliths are dropped at a late growth stage, and each cell can supply some 15-45 coccoliths. The fate of this suspended PIC is poorly understood; that is, whether the coccoliths are dispersed, slowly sink as solitary particles, aggregate and rapidly sink, are grazed and repackaged into fast sinking fecal pellets, are dissolved, etc.
[7] We here report the results of four manipulative field experiments, in which optically active CaCO 3 particles, the size of detached coccoliths (derived from Cretaceous coccolith chalk) were seeded into the mixed layer at two stations in the NW Atlantic, one a mesotrophic Slope station southeast of Cape Cod and one a eutrophic Shelf station in the center of Jordan Basin, Gulf of Maine. The goal of the experiments was to follow the fate of particles through the mixed layer, and this was achieved by using optically active PIC particles, the signature of which are optically unique relative to organic particles, thus they are easily traced. While the goal was not to mimic a coccolithophore bloom, the experimental results provide insights into the fate of coccolithophore blooms in nature. The experiments were done during two times of the year, June (characterized by surface warming, reduced winds, and shallow mixed layers) and November (characterized by surface cooling, increased wind forcing, and deeper mixed layers). The scientific rationale for this experiment was that by seeding a patch with a known quantity of chalk particles, the particle production term could be calculated with high precision; this would allow better quantification of the particle loss terms, under a range of conditions of external forcing and mixed layer depth.
[8] In order to assess the importance of mixed layer dynamics to vertical particle transport, the patch experiments were described in a Lagrangian framework by placing drifters inside each patch. Chalk patches were surveyed quasi-synoptically for several days, as the optical and physical properties evolved. Horizontal and vertical gradients in optical and physical properties were resolved by patch surveys with a towed, undulating Scanfish. A primary function of the surveys was to determine the threedimensional distribution of chalk particles and to define the integrated mass of chalk within each patch. Surface forcing was determined from shipboard meteorological measurements. Vertical sinking fluxes across the base of the mixed layer were estimated with drifting sediment traps. The effects of aggregation and zooplankton grazing within the patch also were determined from a combination of laboratory and shipboard experiments (C. H. Pilskaln et al., Chalk-ExFate of CaCO 3 particles in the mixed layer: Particle transport below the mixed layer and the role of biological and physical aggregation, submitted to Journal of Geophysical Research, 2009) . The interaction of the chalk with dissolved organic carbon was also documented.
Methods

Chalk Source
[9] The source of the CaCO 3 for the patches was ground, Cretaceous coccolith chalk (OMYA, Dorking, Surrey, UK). The specific product (Snowcal90) had a calcium carbonate content of 97.1%, with a maximum of 2% residue, insoluble in concentrated HCl. The Snowcal90 was ground small enough to pass a 10-mm sieve (0.001% was retained on a 45-mm sieve), and the particles were randomly shaped ( Figure S1a) . 1 Moisture content of the chalk was 0.15%, Figure 1 . Conceptual view of ''Chalk-Ex'' experiment. Diagram shows both physical (horizontal dispersion, vertical mixing, and sinking) and biogeochemical processes (aggregation/sinking, fecal pellet repackaging/sinking, and dissolution) responsible for particle dispersion and loss from the mixed layer. Hypothetical density profile is shown at left. and the bulk material had an albedo of 89.9% for visible wavelengths. The median particle diameter was 1.92 mm, which was chosen to approximate the average size of coccoliths of Emiliania huxleyi.
Patch Deployment and Surveys
[10] The experiments were performed on the R/V Endeavor in November 2001 (cruise EN363) and June 2003 (cruise EN382). Two patches of chalk-enriched water were made during each cruise at the two sites ( Figure 2 ). One site was 44°N 067°38 0 W, in Jordan Basin, Gulf of Maine (north site; patches referred to as either N 0 01 or N 0 03). The other site was over the Continental Slope, in the NW Atlantic at 39°48 0 N 067°47 0 W (south site; patches referred to as either S 0 01 or S 0 03). Upon reaching each site, a vertical conductivity-temperature-depth (CTD) cast was performed followed by the deployment of a ''hydrodrifter'' (a surface buoy with vertical array of temperature, conductivity, and current sensors) at the site which was determined to be the patch center.
[11] Patch generation always was started at dawn. Thirteen 1000-kg bags of ground Cretaceous chalk were diluted with surface seawater in two 1900-L tanks on the ship's fantail. A submersible impeller pump, capable of pumping $100 L min À1 , was suspended within each tank to recirculate the suspension and break up the chalk into a homogenous suspension. Initial experiments demonstrated that such recirculation was essential to eliminate chalk aggregates (which might rapidly sink). Once the chalk/ seawater suspension was homogeneously mixed in the tubs, it was directed through a horizontal spreader on the ship's fantail (consisting of a 10-m-long PVC pipe with 4-mm holes every 5 cm along the entire length) that evenly dispersed the chalk/seawater mixture into the ship's wake. The chalk suspension was deployed in concentric, outward spirals around the surface drifter (Figure 3) . The initial patch shape was quasi-elliptical with an area of $1.5 km 2 . Because of the high reflectance of the chalk suspension, it was easy for the ship's crew to visibly locate the outer edge of the spiral during deployment, while laying the patch (with the one exception being the north site, 2001; see section 3). Two mixing tanks on the ship's stern allowed one tank to be loaded and mixed while the contents of the second tank were dispersed, minimizing the time of patch deployment to 4 -5 h, in time for the daytime overpasses of SeaWiFS and MODIS ocean color satellites.
[12] Following patch deployment, floating sediment traps were also deployed (see C. H. Pilskaln et al., submitted manuscript, 2009), along with CTD/rosette casts and Scanfish surveys. A Sea-Bird Electronics CTD (model SBE-9; Bellevue, Washington, United States) was attached to the ship's rosette. The RMS error for temperature was <0.005 mdeg C, and conductivity was <0.5 mSiemens m
À1
. The package also contained a dissolved oxygen sensor (SeaBird Electronics SBE-13 and SBE-23), PAR irradiance sensor (Biospherical Instruments QSP-200L4S; San Diego, California, United States), transmissometer (C-Star-25cm path; WETLabs; Philomath, Oregon, United States), and fluorometer (WetStar; WETLabs).
[13] A towed, undulating Scanfish (Chelsea Technologies Group) was used for surveying the chalk patch through time. It was equipped with a Sea-Bird CTD and an ECO Volume Scattering Function (VSF) (WETLabs) for measuring backscattering at 530 nm. Data were sampled at a frequency of 1 Hz. The Scanfish was towed at $14 km h . In a typical Scanfish survey, the ship steamed in either a ''wagon wheel'' or ''radiator'' pattern. The survey areas were enlarged with time to better sample the patch as it dispersed. Surveys were centered on a drogued drifter, deployed immediately after chalk deployment at the patch center. The drifter consisted of dual, 10-m-long, sock-style, mesh drogues that were suspended by 1-m-long bridles beneath a surface float-line, buoyed by 20-cm-diameter floats. The drifter was designed to follow the surface mixed layer. A complete description of the drifter is given by C. H. Pilskaln et al. (submitted manuscript, 2009) . When the ship made turns, the Scanfish was brought to 5-m depth for the turn and then resumed undulating once the ship resumed its new course and speed. Typical surveys lasted 3 -4 h. Postcruise, the Scanfish locations were corrected according to the Lagrangian drift tracks, sampled every minute.
Underway Optical Measurements
[14] Underway surveys of inherent optical properties and hydrographic variables were made using the system de- scribed by . The source of the water was from the ship's sea chest, with intake at 5-m depth. The continuously measured variables were salinity, temperature (Sea-Bird SBE-45 conductivity and temperature sensor), chlorophyll a fluorescence (Turner Designs fluorometer, calibrated to discrete chlorophyll samples [JGOFS, 1996] Figures  3a -3d for scale. The start/end (duration) of chalk deployment operations for Figures 3a -3d was 11 November 1214-1941 UTC (7.4 h), 15 November 0958 -1355 UTC (3.9 h), 13 June 0838 -1323 UTC (4.7 h), and 17 June 0903 -1305 UTC (4.0 h), respectively. spectral particle backscattering (HOBI Labs Hydroscat II sensor).
[15] A Satlantic SeaWiFS Aircraft Simulator (SAS) was used to measure above-water spectral radiance and downwelling irradiance at the sample sites. The system consisted of downlooking and sky-viewing radiance sensors, both mounted on the bow. A downwelling irradiance (E d ) sensor was mounted atop the ship's mast far from any potentially shading structures. Seven wavelengths of light were sampled from each of the SAS sensors: 412, 443, 490, 510, 555, 670 , and 685 nm. Data from the three sensors were used to estimate normalized water-leaving radiance at each wavelength. The sky and water-viewing radiance sensors were set to view at 40°from zenith and nadir, respectively, as recommended by Mueller et al. [2003b] . The radiance sensors were able to view over an azimuth range of ±135°across the ship's bow, with no contamination from the ship's wake. The direction of the sensor was adjusted to view the water 120°from the Sun's azimuth, to minimize Sun glint. This required continually adjusting the radiometers as the Sun's and ship's position changed. Protocols for operation, calibration, and data analysis were according to Mueller et al. [2003a Mueller et al. [ , 2003b Mueller et al. [ , 2003c . Before 1000 LT and after 1400 LT, data quality was poorer as the solar zenith angle was high. Postcruise, the 16-Hz data were filtered to remove as much residual white cap and glint as possible (we accepted only the lowest 5% of the data). Factory calibration of the sensors was performed before and after each cruise, and measurements of a calibrated reflectance plaque were made at local apparent noon on sunny days to verify the stability of radiometric calibrations. Backscattering was calculated from the above-water radiance measurements using the two-band PIC algorithm [Balch et al., 2005] .
Calibration of Chalk to Backscattering
[16] In order to estimate the mass balance of PIC within each patch, we empirically defined the backscattering cross section of the chalk. This first required that subsamples of chalk from each of the two batches were dried in a desiccator to remove residual moisture. Then aliquots of chalk were weighed and suspended in 0.2-mm filtered seawater for use as a primary standard. Volume scattering of serially diluted standards was measured at 18 angles in an EOS light-scattering photometer (Wyatt Technologies Corporation, Santa Barbara, California, United States). The light-scattering photometer was calibrated at 90°with a solid scattering standard supplied with the instrument. A solution of high molecular weight Dextran was used as an isotropic scattering standard to transfer the 90°detector calibration to the other angular detectors Balch et al., , 1999 . The concentration of PIC was determined using an inductively coupled plasma optical emission spectrometer (ICP OES) following sampling protocol of Fernández et al. [1993] .
[17] In order to absolutely calibrate the WETLabs ECO VSF measurements (aboard the Scanfish) to the Wyatt EOS light-scattering photometer, the two instruments were compared in the laboratory where standard chalk suspensions were put into the Wyatt EOS, or the WETLabs ECO VSF was immersed within the same standard chalk suspension.
A field calibration of the two instruments was also run. This involved comparing the EOS measurements of b bp (measured on seawater from the ship's flowing seawater system, taken from 5-m depth) to the b bp measurements of the ECO VSF aboard the Scanfish when it was at 5-m depth. Lag correlations were used to account for the distance of the Scanfish behind the ship, the ship's speed, and the time for water to flow through the ship's underway seawater system to the EOS instrument.
Aerial Observations
[18] When weather conditions allowed, a tethered balloon was used to make high-resolution aerial observations of the patches. A 5-m helium balloon (Floatograph Technologies; Silver Spring, Maryland, United States) was towed at $150-m altitude, with several hundred meters of Spectra 1 polyethyelene fiber towing cable from a winch on the ship's fantail. A Sony video camera package was suspended below the balloon, and data were telemetered using a 2.2-GHz transmitter, which allowed real-time video acquisition as well as high-resolution ''still'' pictures to be taken remotely during deployment (''still'' images were stored on board the camera and downloaded after balloon recovery). During the 2001 field campaign, the camera was equipped with a ''fish-eye,'' wide-angle lens (18-mm focal length) to maximize the field of view. In the 2003 campaign, a standard 50-mm focal length lens was used on the camera, and the balloon tether length was adjusted in order that the ship was always visible in the video images. This allowed better geolocation of images in the 2003 cruise and improved detection of the shape of the patch and positions of its boundaries.
Statistical Calculations
[19] Chalk concentrations were quantified on the basis of calibrated particulate backscattering as described above. Because of the presence of other scattering particles in seawater (such as phytoplankton, particulate detritus, etc.), a statistical approach was used to discern waters with significant concentrations of chalk. Prior to deployment of each patch, a ''prepatch'' wagon wheel survey was performed with the ECO VSF (aboard the Scanfish) to measure the three-dimensional distribution of particle backscattering. The survey was centered at each planned patch site, and it had three 10-km legs placed at 60°angles from each other, with one leg oriented along the axis of the wind. Phytoplankton chlorophyll and POC concentrations in the ocean are typically lognormally distributed [Campbell, 1995] , thus prior to performing any parametric statistics, backscattering data first were log-transformed. Significant chalk concentrations were defined according to when the backscattering was more than two standard deviations above the median prepatch backscattering value (the reason for choosing the median will be discussed further in section 3). The probability distribution for log backscattering was calculated for four vertical layers within survey of each chalk patch: (1) 1 -5 m, (2) 5 -13 m, (3) 13-20 m, and (4) 20-30 m. The validity of this approach for the top layer was verified independently using acid-labile backscattering, as measured aboard ship on water from 5-m depth run through the Wyatt EOS light-scattering photometer, and comparing this to the surface backscattering as measured from the ECO VSF light-scattering photometer aboard the Scanfish.
[20] Krigging (an interpolation technique which estimates a variable at unsampled locations using weighted sums of the variable at adjoining sample points [Deutsch and Journel, 1992] ) was performed using MATLAB Version R2006a and the WHOI/GLOBEC ''easy_krig'' software package Version 3.0 (available from http://globec. whoi.edu/software/kriging/easy_krig/easy_krig.html). When data were lognormally distributed, they were log transformed prior to generating the ''variogram.'' A least squares ''general Exponential-Bessel'' function was used to fit to the variogram, forcing the nugget effect (estimated standard deviation of the measurement error) to be zero, thus increasing the probablility of an exact fit at measurement points. Krigging was done after this fitting process. For plan views, the krigging grid used a latitude and longitude resolution of 0.1 degrees and depth resolution corresponding to the average within each of the four depth levels (1 -5 m, 5 -13 m, 13-20 m, and 20-30 m) . In the krigging analysis, the patch was defined as water with backscattering values two standard deviations above the median, prepatch backscattering value. Data that exceeded the krigging variance threshold (±100%) also were excluded from the final plots (typically <1% of the data).
Results
Calibration of PIC to Optical Backscattering
[21] The calibration of chalk concentration to total backscattering was highly linear but was significantly different between the batches of chalk used for the two cruises (Figure 4a) , 0.995 (n = 4; F stat = 564, P < 0.005).
[22] The above calibration of PIC to the EOS lightscattering photometer was traced to the ECO VSF instrument aboard the Scanfish as described in section 2. The two light-scattering devices were intercalibrated over 1.5 orders of magnitude in range of particulate backscattering. On the basis of laboratory measurements using standard chalk suspensions, the ECO VSF light-scattering photometer calibrated to within <0.01% of the EOS instrument for the Figures 4b and 4c , the open triangles designate comparisons of each instrument made in the laboratory with different concentrations of suspended chalk (taken from the batches used to make the respective patches). The black diamonds represent a field comparison in which the ECO VSF was aboard the towed undulating Scanfish, and the data were subsampled when the Scanfish was at 5-m depth or shallower. Those data were then compared with the EOS backscattering measurements on water from the ship's underway system, time-lagged to account for the length of Scanfish cable deployed and the time for seawater to be pumped from the 5-m ship's intake to the EOS instrument. Error bars represent one standard error about the mean.
2001 chalk batch (r 2 = 0.996; RMS = ±0.051 log units) and within 0.01% for the 2003 chalk batch (r 2 = 0.998; RMS = ±0.032 log units) (Figure 4b ; see open triangles). For the field calibration, the ECO VSF was within 0.07% of the EOS for the 2001 cruise, with higher variance (r 2 = 0.816; RMS error = ±0.162 log units). During the 2003 cruise the field backscattering measurements of the ECO VSF were within ±0.01% of the EOS instrument, and again higher variance (r 2 = 0.898; RMS = ±0.080 log units) than was observed when comparing PIC standards under laboratory conditions (Figure 4c ; closed diamonds).
Discerning PIC Backscattering From Background Particulate Backscattering
[23] In order to separate chalk backscattering from background backscattering (due to other particulate matter in the seawater), we compared Scanfish ECO VSF b bp data to prepatch surveys (see section 2). Probability distributions of the particle backscattering were quasi-lognormally distributed. Typically the median backscattering value was closer to the mode of the probability distribution than the mean, indicating slight skewness of the backscattering data distribution. Particle backscattering probability distributions were evaluated by comparison with prepatch distributions for each survey of each experiment. Specifically, for each postpatch survey, chalk concentrations were considered to be significantly above background for b bp values greater than or equal to two standard deviations above the median prepatch b bp value (e.g., Figure 5 ).
Narrative of Patch Observations
[24] What follows is a detailed narrative of observations for each patch. For the more general results on the mass balance of PIC over time, the reader is referred ahead to section 3.4.
South Patch 2001
[25] Weather conditions at the southern patch site were fair, with sunny conditions and a southeast wind of 5 m s À1 . The prepatch survey was begun at 0030 LT on 15 November 2001, a ''wagon wheel'' survey centered on the patch site, completed by 0400 LT that same day. The mixed layer (defined as the depth where the density was 0.1 sigma theta units above the surface sigma theta) in the prepatch survey was 50 m, and there was a pronounced fluorescence maximum at 20-m depth (data not shown). Chalk deployment was done between 0500 and 1000 LT. Initial patch shape was quasi-elliptical with an area of $1.5 km 2 ( Figure 3a ).
[26] Backscattering probability histograms for the first postpatch survey (1222 -1543 LT, 15 November; begun 2.3 h after completion of patch) indicated significant backscattering in all four layers, significantly elevated from the prepatch survey ( Figure 5a ). The geographical distribution of the backscattering showed that the patch was elongated with two high-backscatter lobes in the 1-5-m layer, and the b bp decreased in progressively deeper levels ( Figure 6a ). In the 20-30-m depth layer, backscattering from chalk was barely discernable above the background. Survey 1 vertical sections ( Figure 7 ) showed fairly uniform vertical distribution of density and deepest penetration of chalk to 19-25-m depth, with little evidence of subduction along isopycnals (but note the patch was abutting isopycnals along its long axis; see Figures 7c and 7d) . Moreover, common crossover points, marked on different survey legs, illustrate that the base of the patch was moving perceptibly downward on the timescale of hours (e.g., see crossover points ''a,'' ''x,'' and ''y'' in Figure 7 ).
[27] In survey 2 (0301-0640 LT, 16 November 2001; $24 h after patch deployment) there was significant backscattering from chalk between 5 and 30 m, with largest patch area between 5 and 13 m and smallest patch area in the 20-30-m layer (Figure 6b ). The chalk patch still showed evidence of being elongated as in survey 1 (Figure 6 ). Vertical Scanfish sections from survey 2 showed clear evidence of chalk subducting northward underneath the 23.1 sigma theta isopycnal in four of the north-south survey legs (Figure 8 ).
[ 28 The patch was now broken into smaller subpatches. Vertical sections from survey 3 showed continued subduction below the 23.1 sigma theta isopycnal ( Figure S2 ).
[29] The fourth Scanfish survey (1139 -1920 LT, 17 November 2001; $2 days after patch deployment) was prematurely terminated because of mechanical problems after one leg of the three-leg radial survey had been completed. Nonetheless, the backscattering probability distributions in all four layers showed few points significantly greater than prepatch background values (Figure 5d ), and the aerial and vertical sections showed no evidence of chalk over length scales of 24 km (data not shown).
CTD Observations
[30] Beam attenuation profiles, made in conjunction with CTD profiles at the drogue marking the patch center, provided another indication of the evolution of the patch over time. Profiles from the prepatch water showed a decrease in particle beam attenuation (c p ) at the base of the mixed layer (50 m) ( Figure 9a ). Within 6 h of making the patch, there was high c p from the surface down to 13 m, below which values decreased to background values ( Figure 9b ). There also was evidence of a subtle decrease in seawater density within this upper chalk-rich layer. A CTD profile 28 h after creation of the patch still showed peak c values above 13 m and the lower density within this surface layer (Figure 9c ). The base of the mixed layer also shoaled $10 m. At 41 h after creation of the patch, the 15-m-thick surface layer was almost 0.2 sigma theta units less dense than the water in the layer lying directly beneath it ( Figure 9d from prepatch values (Figures 9a -9d ).
Above-Water Observations
[31] Aerial photographs of the patch were obtained from the balloon, which was towed upwind across the patch on a southwestward course beginning 5.5 h after chalk deployment. The patch was highly elongated (Figures 10a-10e ). The Langrangian drifter was at the ESE terminus of the patch along with the trap drifter (see C. H. Pilskaln et al., submitted manuscript, 2009). Thirty-meter-wide streaks were apparent in the patch, oriented roughly orthogonally to the wind (Figures 10a -10c ). Three highly reflective ''lobes'' could be seen within the patch (Figures 10d and 10e ). On the basis of the ship's course and speed during balloon deployment, we estimate that the patch was 2.2 km in length at the time of the aerial observations ( Figure 10e ).
[32] Radiance-derived backscattering values from the surface water, calculated from the first survey, showed strong covariance with backscattering at 532nm, as measured using the underway system aboard the ship (water originating from 5-m depth) ( Figure 11 ). Backscattering estimated from above-water radiances versus EOS measurements on water from the underway system were well correlated, although the b bp measured from above-water radiances were almost double the values seen in the underway water from 5-m depth (least squares power fit y = 10.677 x 1.3016 ; r 2 = 0.843; n = 59, F = 301.5; P < 0.001).
North Patch 2001
[33] The wind conditions at the north site were $12 m s (Figure 5d ), the histograms are identical to the prepatch histograms.
in the prepatch survey, with a two-peaked backscattering probability distribution, indicating two water masses with distinct optical properties within the survey area ( Figure S3 ). During chalk deployment (0640-1400 LT, 11 November 2001; see Figure 3 ), it was difficult to visually detect the chalk as little as 200 m behind the ship. This was an indication that the chalk was being mixed quickly downward within the $60-m-deep mixed layer. No chalk could be discerned statistically whether sampled (1) from PIC measurements (using ICP OES) from discrete water samples, (2) optically sampled from water taken from the CTD/ Rosette, or (3) optically sampled in situ from the Scanfish. A CTD profile taken 9 h after chalk deployment showed lower c p values throughout the water column except between 55 and 60 m where values were slightly enhanced over the prepatch profile ( Figure 9f (Figure 9j ). The chlorophyll fluorescence maximum during this prepatch CTD was within this pycnocline density gradient, situated at 37 m (data not shown). The hydrodrifter was deployed at 1815 LT, and the prepatch Scanfish survey was run in a ''wagon wheel'' pattern, with 10-km legs, between 1845 and 2315 LT on 16 June. The probability distribution histograms for background prepatch backscattering had a single mode and were approximately lognormal ( Figure S4 ; dashed lines) for all vertical layers examined. The chalk patch was deployed between 0440 and 0915 LT on 17 June 2003 with decreased wind velocities 3.5-7 m s À1 from the ESE. The Lagrangian drifter was deployed at the patch center at 0940 LT, following creation of the patch, and two drifting sediment traps were deployed by 1035 LT on 17 June 2003.
[35] The first Scanfish survey of the chalk patch (1207-1422 LT, 17 June; see Figure S5a ; $3 h after deployment) showed that the patch was not oval, but irregularly shaped in the 1-5-m layer and more expansive in the second layer (5 -13 m). Low amounts of chalk penetrated to the 13-20-m layer, and no chalk was observed below 20 m. Vertical Scanfish sections from this survey (Figure 12) showed that the chalk spanned a density range of 0.2 sigma theta units over the top 15-20 m, down to the 25.3-25.5 sigma theta density isopleth (which was seen to oscillate between 15 and 20 m, with a wavelength of $3 km).
[36] The second Scanfish patch survey (1930-2310 LT; $10 h after deployment) was in a wagon wheel pattern, centered on the Lagrangian drifter, with one leg oriented along the SE direction of the wind ( Figure S5b) . No chalk could be statistically resolved in the 1-5-m layer on the [37] The third Scanfish survey was $24 h after chalk deployment (0808 -1303 LT, 18 June 2003 . The only chalk found was in two 0.5-km-wide patches at the southern portion of the wagon wheel survey, at depths from 13-30 m ( Figure S5c ). Vertical sections revealed that the backscattering was above background levels within the pycnocline, between 25.2 and 25.6 sigma theta units ( Figure 13 ). [38] Scanfish survey 4 was run in a ''radiator'' pattern on 18 June from 1651 to 2145 LT ($32 h after completion of patch deployment). When integrating over each of the four layers, no significant PIC was found ( Figure S5d ). However, vertical sections ( Figure S7 ) revealed several 0.5-km-wide patches between 7 and 10 m, as well as a 2.5-km patch within the pycnocline, again between 25.2 and 25.6 sigma theta units ( Figure S7g ). Subsequent scanfish surveys found no chalk concentrations that were significantly above the prepatch background.
CTD Observations
[39] CTD/Transmissometer results showed that prior to patch deployment, there was a shallow mixed layer ($8 m) with uniformly low beam attenuation over the top 40 m of the water column and a slight decrease from 40 to 60 m (Figure 9j ). The first profile, 2 h after patch deployment (1107 LT, 17 June), showed elevated beam attenuation from the surface to the base of the mixed layer (0 -18-m depth; Figure 9k ). There was some indication of layering, above and below 15 m. No chalk penetrated below 20 m. Nine hours after patch deployment, beam attenuation was significantly above prepatch values within the upper 10 m and slightly elevated down to 40 m (Figure 9l ). Fifteen hours after patch deployment, slight enhancement of beam attenuation was observed from the surface to 25-m depth along with a weak local peak in attenuation near 35-m depth (Figure 9m) . By 22 h after deployment (Figure 9n ), attenuation in the upper 25 m was nearly uniform and not clearly elevated above background levels. A distinct local peak was observed near 35 m, indicative of chalk that had penetrated into the pycnocline.
Above-Water Observations
[40] Weather conditions allowed the surveillance balloon to be launched at 1442 LT on 17 June 2003, $6 h after patch deployment. Wind conditions were 5 m s À1 from ESE; thus the aerial survey was started in the WNW corner of the survey area and run in an upwind direction. A sharp reflectance boundary was observed along the northern edge of the patch, running roughly along the axis of the wind. The northern boundary was $3 km long, with considerable microscale patchiness in the PIC to the south (Figure 10f ). Above-water measurements of normalized water-leaving radiance were converted to particulate backscattering (at 555nm) using the two-band PIC algorithm [Balch et al., 2005] . Particulate backscattering estimated from EOS or radiance measurements showed a squared coefficient of correlation of 0.75, and, as with the S'01 patch measurements, the PIC was consistently overestimated but the constant and exponent of the least squares power function fit were not significantly different from 1 (Figure 11 ).
North Patch 2003
[41] The study area for the N'03 patch had a shallow mixed layer and high tidal current velocities, and it was mesotrophic in terms of the chlorophyll levels. Weather conditions at the patch site were 4.0 -4.5 m s À1 from the west. The prepatch CTD on 13 June 2003 at 2039 LT showed that the water column had a mixed layer depth of $6 m ( Figure 9o ) and bilobed fluorescence maximum between 10 and 20 m (not shown). A small peak in beam attenuation extended from 6 m to 18 m (Figure 9o ). Following deployment of the hydrodrifter at 2136 LT, the prepatch Scanfish survey was run between 2220 LT on 13 June to 0143 LT on 14 June 2003 (''wagon wheel'' pattern with three 10-km legs and one oriented east to west, along the axis of the wind). The probability distribution function for the prepatch backscattering had a single mode in all three layers although in the 1 -5-m layer ( Figure S8) ; the prepatch histograms of backscattering were notably broader in the 20 -30-m layer than the upper layers, indicating greater variance.
[42] The chalk patch was deployed between 0504 and 0915 LT (14 June 2003) . By the end of the deployment, the patch was roughly elliptical, 1.90-km long and 0.55-km wide (Figure 3c ). Following deployment of the patch, two Lagrangian drifters were placed near the center of the patch (0945-1000 LT, 14 June) along with two drifting sediment traps (1000 -1040 LT, 14 June).
[43] The first Scanfish survey, $4 h after finishing patch deployment (1311 -1630 LT, 14 June) showed evidence of chalk, primarily in the top layer (1-5 m) with only a small amount in the second layer (5 -13 m) and none below 13 m ( Figure S9a ). The center of the chalk patch in the top 5 m corresponded to the center of the first Scanfish survey ( Figure S9a, area 1) . In layer 2, a smaller patch fell directly below the surface patch ( Figure S9a, area 2) . There was no obvious link between the horizontal distribution of the chalk and the density field. Vertical sections from survey 1 verified that the chalk was largely confined to the upper 5 m, in a 2.5 -3-km-long patch (Figure 14) . One of the legs of survey 1 (164-1806; Figure 14c ) passed a crossover point (''e'') at 1820 LT where the patch penetrated to $10 m. Position ''e'' was recrossed during another leg (164-1852) at 1937 LT (Figure 14d) , where a 0.5-km-wide patch with high backscatter extended from the surface to 22-m depth. If this patch was the same chalk previously observed at 12-m depth (Figure 14c . Figure 11 . Plot of radiance-derived b bp (550 nm; abovewater radiometers, mounted on the ship's bow) versus EOSderived b bp (532 nm; using water from the ship's underway system). Backscattering data are for particles only (not including the backscattering of water). Data shown for first Scanfish surveys of the S 0 01 patch (diamonds), N 0 03 (squares), and S 0 03 (triangles). Thick black line is the least squares power function for the total data set. Thin black line represents 1:1 reference line.
[44] The second Scanfish survey (2118 LT, 13 June to 0032 LT, 14 June), was begun about 12 h after the completion of patch deployment. It showed little indication of chalk when backscattering values were viewed in histograms ( Figure S8b) , with the exception being modest elevation above background levels for layer 2 (5-13 m) and layer 4 (20 -30 m) ( Figure S8b, area 2) . When backscattering values were averaged over any of the four depth layers and viewed aerially ( Figure S9b ), no chalk was evident. Nonetheless, in two of the vertical sections (165 -0131 and 165-0155), some chalk was observed above the 24.9 sigma theta isopycnal (11-14 m) (Figures S10b and S10c).
[45] The third Scanfish survey (0858-1308 LT, 14 June 2003; begun about 24 h after patch deployment) was in a wagon wheel pattern with one leg oriented north to south, along a line onto which all the Lagrangian drifters were now located. Again, the histograms of backscattering data showed little indication of chalk. Only in layer 2 (5 -13 m) was there significantly elevated PIC ( Figure S8c, area 2) . When backscattering values within the four layers were averaged and viewed aerially, no chalk was evident ( Figure S9c ). However, vertical sections from the third Scanfish survey did show evidence of chalk on the eastern side of the survey area above 11 m ( Figure S11 ). With the exception of leg 165 -1544, which showed a 2.5-km coherent patch (Figure S11e) , the other patches were smaller, and data from crossover points showed that the small patches were transient (i.e., they were not reproduced at crossover point ''a'' in Figures S11b and S11d).
[46] The fourth Scanfish survey (1520 -2000 LT, 14 June) was in a ''radiator'' pattern, begun $30 h after patch deployment ( Figure S9d) . Histograms of backscattering data were qualitatively similar to those from the third survey, and Figure S8d ). In plan view, the layer-average backscattering was only significant in the western portion of the sample area, within layers 1 (1 -5 m) and 2 (5 -13 m) ( Figure S9d ; see arrows). Vertical sections from survey 4 revealed two closely spaced, high-scattering patches, extending a total of $4.5 km (leg 165-2023; see Figure 15d ), generally distributed from the surface to as deep as 20 m and between 24.9 and 25.1 sigma theta isopycnals. A 2.2-km patch with significant backscattering was observed shallower than 14 m during another leg of survey 4 (leg 165 -2023; see Figure 15e ).
[47] A fifth Scanfish survey was performed between 1302 and 1635 LT, 15 June 2003, some 52 h after completion of patch deployment. The most common backscattering values in all four layers (i.e., the modes of the probability distributions in all four layers) were less than the prepatch surveys (data not shown). This suggests that the background backscattering distribution had changed from the prepatch survey. Nevertheless, no chalk was detectable using our statistical technique.
CTD Observations
[48] The first CTD profile in the patch (1125 LT, 13 June; $2 h after patch deployment) showed significant enhance- (Figure 9s ).
Aerial Observations
[49] The balloon survey on the north patch was done between 1850 and 1941 LT (13 June; 9.5 h after patch deployment), and because of low Sun angles, the patch was not visible. A second balloon survey was done between 1001 and 1137 LT on 15 June ($2 days after patch deployment), and no high-reflectance water was observed (data not shown for either deployment). Particulate backscattering based on above-water radiance data was well-correlated to the EOS b bp (532 nm) measurements made on water from 5-m depth (Figure 11 ).
Mass Balance of PIC and Patch Length Scales
[50] The mass balance of the chalk within each layer of each patch was estimated from the Scanfish data, krigged as (Table 1 and Figure 16a ). The first postpatch surveys N 0 01, S 0 01, N 0 03, and S 0 03 ($10, 2, 3, and 4 h after patch deployment) accounted for 0%, 87%, 9% and 44% of the 13,000 kg of chalk, respectively. Ten to twenty hours after patch deployment, the respective percentages in each patch were 0%, 14%, 2%, and 6%. The rate of loss of chalk at N 0 01 could not be determined because from the time of deployment to the time of the initial optical measurements of any type, no chalk was detectable. For the other three patches, the specific loss rates were exponential and translated to À0.22 h À1 (À5.3 d [51] Length scales of patches were easily defined at patch deployment using the ship's navigation data (Figure 3) . The chalk was deployed beginning at the patch center and spiraling outward, thus providing an accurate time and GPS position for measuring patch size. For postpatch surveys, the length scales of the major and minor axes of the patches (Table 2) were derived from the vertical Scanfish sections of b bp (exceeding the prepatch median + two standard deviations) (Figures 7, 8 , 12-15, S2, S6, S7, S10, and S11). It can be seen that the length scales of the patches did not uniformly increase, but showed increases over the first few hours, then decreased with time (Figures 16b-16d ).
Discussion
[52] The most striking result of Chalk-Ex was the rapidity with which the kilometer-sized chalk patches in the mixed layer became undetectable, even under weakly forced, stratified conditions. This could have been due to a number of mechanisms outlined in section 1: (1) vertical mixing, (2) horizontal eddy diffusion of particles beyond our study Figure 16b . (e) Horizontal eddy diffusivity for same three patches, same symbols as in Figure  16a . Symbol size decreases with depth. Eddy diffusivity calculation based on area of patches (major Â minor axes) divided by the time after patch was deployed, normalized by the fraction of chalk not accounted for. See section 3.4 for details. described first, followed by a discussion of likely dispersion mechanisms and implications for coccolithophore bloom development.
Advantages and Limitations of the Chalk-Ex Experimental Design
[53] One advantage of our experimental design was that we knew, with high precision, how much chalk was added to the water. This allowed inverse approaches for calculating chalk mass as well as the determination whether there was sufficient signal to noise to detect the PIC backscattering. Another advantage to the design was that the chalk, being of uniform size, was well-calibrated to backscattering within 3 -5% error (on the basis of the standard error of the dilution curves shown in Figure 4a) . Moreover, the lightscattering photometers used in this work were calibrated within 0.01 -0.07% of each other. Indeed, the calibrations were good enough to detect slight differences between the properties of the 2001 and 2003 chalk batches. Despite the good calibration, it was not clear why the error bars for the field ECO VSF measurements for 2001 ( Figure 4b ) were larger than those for the 2003 deployment (Figure 4c ), since the same instrument was used in both experiments. Finally, the patch was created relatively quickly ($4 -5 h) relative to patch evolution on a timescale of several days.
[54] There were also some important limitations to the experimental design that translated to several potential sources of error. The finite duration of patch creation (4 -5 h) and subsequent surveys (3 -4 h) resulted in errors of order ±0.2 days in estimates of chalk loss rate. The survey patterns themselves (''wagon wheel'' or ''radiator'') had associated errors. The wagon wheel pattern provided focused sampling at the patch center but increasingly diffuse sampling, moving radially away from the patch center. We used this pattern when we had a good idea where the patch was. The regular sampling of the radiator pattern provided a better chance of finding a small feature far from the supposed patch center, but took longer to complete (about double the time needed for a wagon wheel survey). This lowered the temporal resolution to detect patch evolution, particularly important after initial patch deployment when the chalk concentrations were highest. Errors in krigging of the Scanfish data were low for vertical sections, because of the high frequency with which the Scanfish undulated. However, krigging errors for data between Scanfish sections (i.e., for the plan view maps) were higher (±100%), and if errors exceeded this amount, the data simply were not contoured, which undoubtedly affected the chalk mass balance estimates. Another source of error was that the backscattering properties of each chalk patch were compared to the light-scattering properties of the waters just prior to deployment of the patch. Backscattering heterogeneities within the survey area, or changes in the background backscattering after the prepatch survey, increased the overall variance. This, then, increased the statistical threshold for discriminating chalk backscattering versus all other background backscattering (i.e., it became harder to resolve the chalk). A good example of this was the N 0 01 area where heterogeneities in backscattering during the prepatch survey resulted in a bimodal distribution of particulate backscattering ( Figure S3 ).
Criterion for Defining the Border of the Patch
[55] One of the biggest challenges in Chalk-Ex was to define the patch boundary. This was important for optimizing the Scanfish surveys, in order to sample both water inside and outside the patch for comparison. Histograms of backscattering from prepatch waters typically had a quasilognormal distribution with the mean and median backscattering values similar but not identical (e.g., Figure 17a ; note, there were exceptions to this, such as in N 0 01 and N 0 03 patches). Following chalk deployment, histograms became skewed or bimodal (since we sampled both inside and outside the patch; e.g., Figure 5a , area 2), mean backscattering increased relative to the median backscattering, and overall variance increased (Figure 17a ; compare prepatch and postpatch error bars). Moreover, the median backscattering value within each layer (at a given site) was more stable than the mean, whether or not chalk had been added to the water (Figure 17b) .
[56] We used the prepatch median backscattering plus two standard deviations as the criterion for the presence of chalk. In the few cases when the prepatch survey of backscattering was bimodal (always with one large mode and a secondary subordinate mode) the median better described the major mode than did the population mean. This, combined with the stability of the prepatch medians (Figure 17b ), provided the most robust, stable criterion for the presence of chalk. This stability also confirmed that the backscattering properties outside the patch were not changing significantly within a given site during each experiment.
[57] The success of this approach is evident in the reasonable agreement between the northern patch boundaries observed from the aerial photography with the patch boundaries estimated from the krigging of the Scanfish data (Figure 10f) . That is, the positions of the Scanfish measurements that produced the krigged boundary (orange line in Figure 10f ) were taken along the ship track denoted by red lines (Figure 10f ), whereas the aerial photographic images, where available, sampled continuously over the balloon deployment, at meter resolution, to produce the patch boundary (black dashed line). The Scanfish and aerial surveys were separated in time by 3 h. Further circumstantial evidence that the patch border criteria were accurate comes from an examination of the plan views of the patch from each layer. After Lagrangian correction of each Scanfish survey based on the drifters, there was good coherence in the patches observed in the four vertical layers. That is, even though patches were near the limits of detection, the Lagrangian-corrected patches lay on top of each other (Figure 6a , areas 1, 2, and 3; Figure 6b , areas 1, 2, and 3; Figure S5a , areas 1, 2, and 3; Figure S5b , areas 2, 3, and 4; Figure S9a , areas 1 and 2; and Figure S9d , areas 1 and 2). [58] The N'01 patch results represented a special case, since the chalk was essentially undetectable within the timescales of patch deployment and initial survey. The question arises whether, given the strong winds and active mixing, we would have expected the chalk to be undetectable. From the cruise track during the 7.5-h chalk deployment, the patch began with a roughly circular shape, with diameter of $800 m (Figure 3a) . Evenly distributed over the observed mixed layer depth of 60 m, the 13,000 kg of chalk should have had a final concentration of 0.0043 mol , and, using the calibration equations from Figure 4a , particle backscattering of 0.005 m À1 would have been detected. This would have been easily detectable using the ECO VSF provided that it was contained within the confines of the 800-m diameter circular area.
[59] So, why did we not detect chalk? The median b bp at 530 nm in the N'01 prepatch survey, over the four layers, was $1.41 Â 10 À3 m
À1
, barely lower than the mean value (1.56 Â 10 À3 m
), and the variance was ±0.34 Â 10 À3 (for a coefficient of variation of 21.6%). Using the median plus twice the standard deviation as the criterion for chalk detection (2.1 Â 10 À3 m
) translates to a threshold concentration of 1.79 Â 10 À3 mol m À3 (Figure 4a ). This concentration would have been achieved in a circular patch if the diameter of the patch had increased to 1.2-km diameter (with the 60-m mixed layer) soon after deployment. Three factors argue for this to be the case: (1) unlike other deployments where previously deployed chalk could be used as a navigational aid, visual clues were limited for the N 0 01 patch; this resulted in a larger, less concentrated patch (Figure 3a) for which the 800-m diameter based on the final loop is likely an underestimate, (2) the N 0 01 patch took the longest to deploy (>7 h versus 4 -5 h for the others), and (3) size estimates from the other patches (Figure 16 ), deployed under more quiescent wind conditions, indicate that diameters of 2 km were reached within 2 -5 h. Thus, it is likely that the N 0 01 patch had a diameter exceeding 1.2 km by the time of the first CTD cast (2 h after the end of chalk deployment, 9 h from the start of deployment), making the chalk undetectable. The beam attenuation levels 9 h after deployment were slightly less than in the prepatch profiles, down to 100-m depth (Figure 9f ).
Vertical Descent of the Chalk
[60] It was clear from all patch deployments that between surveys the chalk was being mixed vertically, subducted, or both. On the basis of the plan view layer surveys, the chalk was seen to descend through the four layers. For example, for survey 1 of S 0 03, the chalk was mostly between 1 and 13 m (layers 1 and 2; Figure S5a , areas 1 and 2). By survey 2, 7.5 h later, most of the chalk was between 13 and 20 m ( Figure S5b ). Some of the vertical sections of chalk show little density structure (e.g., Figure 7b) ; thus we cannot eliminate vertical mixing as a means to move the chalk particles downward, especially early in the deployment. Indeed, previous observations using Lagrangian floats [D'Asaro et al., 1996; McNeil and Farmer, 1995] have demonstrated vertical mixing velocities within surface mixed layers as high as 1 cm s
À1
. The vertical descent velocities observed here were all less than this value, suggesting that vertical mixing was a feasible mechanism for rapid downward transport of chalk after deployment.
[61] The above descent rates were much too fast to be from particle sinking alone given that the sinking rate of 2-mm solitary coccoliths is $0.14 m d À1 (=0.004 m h À1 ) [Honjo, 1976] . Balch et al. [1996c] independently verified Honjo's sinking rate using a simple theoretical Stokes formulation to estimate coccolith sinking on the basis of coccolith shape and size. They concluded that subsurface peaks of coccoliths in the North Atlantic, following a large mesoscale bloom of Emiliania huxleyi, could only have occurred through in situ calcification and/or vertical subduction of the coccoliths from surface waters, not sinking. Since the chalk used here was obviously inanimate, then the most likely mechanism for its appearance at depth was not sinking but initial vertical mixing then subduction. If the mixed layer shallowed after chalk deployment (e.g., S'01; compare density profiles in Figures 9b and 9c at 15 m) , then any chalk mixed vertically downward could have been entrained within the shoaling pycnocline, such as was postulated to occur in the ''mixed layer pump'' hypothesis [Gardner et al., 1995 [Gardner et al., , 1999 . Internal waves were also evident in the patch cross sections (e.g., Figures 13, S6f , and S6g), providing a mechanism for changes in pycnocline depth independent of local surface forcing. Internal wave excursions, coupled with vertical mixing and horizontal shear, provide another mechanism for entrainment of particles at the mixed layer base and subsequent horizontal spreading (via shear dispersion).
[62] The total mass of chalk in all layers can be compared to the 13,000-kg initial mass to examine the mass balance. The S 0 01 survey provided the best closure. The first Scanfish survey accounted for 86% of the chalk deployed (Table 1) . By the second survey, only 14.5% was found. The percentage of chalk mass accounted for in the other patches was lower still. Thus, without being able to account for all of the chalk, we cannot eliminate the hypothesis that processes other than vertical subduction were responsible for chalk removal from the patch survey area.
[63] Another possible mechanism for rapid removal of chalk was that the dense slurry deployed from the ship rapidly sank as a cohesive water parcel to depths below the maximum Scanfish survey depth (30 m) before the first measurements were made. This was unlikely for several reasons. First, the initial chalk slurry (0.528 kg of chalk L ) [Coale et al., 1998; Csanady, 1978] . Using the average of the two calibrations in Figure 4 , the predicted chalk backscattering in the wake would have been $0.05 m À1 .
[64] The maximum observed b bp during the first Scanfish surveys following chalk deployment was $0.015 m À1 , less than expected from the wake dispersal calculations (Table 2; note, in N 0 01 in the aborted Scanfish survey the maximum b bp was 0.10 m À1 ) suggesting the above wake dispersal calculations were conservative (0.05 m À1 predicted versus 0.015 m À1 observed). However, using above-water radiance measurements of the patch, the maximum b bp value was 0.041 m À1 (seen in N'03; Figure 11 ), closer to the 0.05 m À1 b bp predicted from the wake dispersion calculations. Thus, both wake dispersion estimates and surface observations argue for a maximum density anomaly of the chalk immediately after deployment of 2.85 Â 10 À3 kg m À3 which is only $2.8 Â 10 À4 % of the typical seawater density in the upper 30 m. Thus the chalk-induced density change was negligible.
[65] A second reason that we believe that the chalk remained in the surface layer, rather than sinking rapidly out before we could sample it with the Scanfish, was that CTD casts to 60-100-m depth were done as little as $1 h after each patch was deployed. The CTD beam transmissometer data ( Figure 9 ) demonstrated that the PIC was in the top 15 m initially, just as the Scanfish data showed, and there was no evidence of any anomalously high beam attenuance deeper in the water column. Last, the fact that little chalk was caught in the floating sediment traps (C. H. Pilskaln et al., submitted manuscript, 2009 ) (suspended at 60 m during the 2001 deployments (below layer 4) and 15 -16 m in the 2003 deployments (below layers one and two and part of layer 3)) suggests that sinking was not important to the optical evolution of the patch. Aggregation of the chalk was not observed in shipboard experiments, either, eliminating another means to increase vertical sinking rates of the chalk (C. H. Pilskaln et al., submitted manuscript, 2009) .
[66] Small-scale physical processes clearly did affect the patch distribution. Heterogeneities on the order of tens of meters were evident in the chalk distribution based on the aerial images from S 0 01 and S 0 03 patches (Figure 10) . This suggested the possible influence of Langmuir circulation in the surface layer [Colbo and Li, 1999; Scott et al., 1969] . However, CTD profiles from the first postpatch surveys of S 0 01 and S 0 03 demonstrated that strong pycnoclines initially would have restricted Langmuir cells to the top 15 m. Furthermore, vertical profiles of density in S'01 showed that the mixed layer became ''capped'' with lighter water, which would have inhibited Langmuir cell growth (Figures 9a -9d) . Thus, while mixing processes driven by surface forcing presumably redistributed chalk both horizontally and vertically, they did not likely result in redistribution of the chalk below 30 m for S 0 01 and S 0 03.
Eddy Diffusion, Horizontal Gradients, and Chalk Dispersal
[67] Turbulent eddy diffusion (both horizontal and vertical) is a likely factor affecting the mixing and dispersion of the chalk patches. The stages of mixing of water masses was elegantly described in a classic paper by Eckart [1948] : when two water masses begin as distinct patches, subsequent stirring initially distorts and steepens the gradients (intermediate stage), after which the gradients gradually disappear and the liquid becomes homogeneous (final stage). Stommel [1949] showed the limitations of the Fickian diffusion equation for describing horizontal eddy diffusion in the sea. Instead, he promoted the Richardson law [Richardson, 1926] of diffusion [see also Kolmogorov, 1941] , consistent with the observation that the diffusivity increased as the mutual separation of the water parcels to the 4/3 power [Stommel, 1949] . Stommel's aircraft observations of floating drifters provided strong evidence on horizontal eddy diffusion and its dependence on size scale.
[68] Biological particle gradients in the sea, in the face of significant turbulent diffusion, can only be maintained by equally rapid particle production rates such as exponential growth of organisms [Okubo, 1978] . In Chalk-Ex, the production was rapid, taking place in 0.2 days, and the time evolution of patch area was the same for S 0 01, N 0 03, and S 0 03 patches; that is, patch area increased from initial patch deployment to the first Scanfish survey, then held steady or decreased thereafter (Figures 16b, 16c, and 16d) . We believe that the decrease in size was an artifact of sampling limitations, resulting from the dilution of the chalk at the patch periphery to concentrations below the statistical threshold for detection. Our experimental design would have benefited from the use of sulphur hexafluoride (SF-6) as a tracer of the patch as by Stanton et al. [1998] since it can be detected at extremely low concentrations and provides a true Lagrangian tracer with which to compare to the distributions of chalk particles over space and time. Unfortunately, this was not possible within the constraints of our experiment.
[69] The rate of increase in patch area between the time of chalk deployment (where the ship's navigation provided a highly accurate estimate of patch size) and the first Scanfish survey (when chalk concentrations were still high enough to accurately define the patch dimensions) provided the most accurate estimate of horizontal eddy diffusivity at our patch sites (Figures 16b, 16c, and 16d) . On the basis of S 0 01, N 0 03 and S 0 03 results, estimates of horizontal eddy diffusion were 519, 108, and 747 m 2 s À1 , respectively. These values compare favorably to eddy diffusivity estimates made in the same fashion (but using SF-6) during Iron-Ex-I in the equatorial Pacific. In those experiments, mean horizontal eddy diffusivities were 600 ± 100 m 2 s À1 along the axis of the wind and 200 ± 30 m 2 s À1 orthogonal to the wind ].
[70] Our diffusivity estimates should be interpreted cautiously, however, since the fraction of the original chalk that was accounted for in the first Scanfish surveys of S 0 01, N 0 03, and S 0 03 was 86.7%, 8.9%, and 43.8% respectively. One can partially correct for the unaccounted chalk by dividing the area of the patch by the fraction of the original chalk mass that was found. (This implicitly assumes that chalk was present just outside the patch boundaries at concentrations infinitesimally below the limit of detection). Applying such a correction globally over our Scanfish surveys gave higher average horizontal eddy diffusivities of 542, 1210, and 2546 m 2 s À1 for the S 0 01, N 0 03, and S 0 03 patches, respectively (Figure 16e) . If the chalk outside the patch diffused to lower concentrations than assumed by the 2-sigma cutoff (highly likely), then for conservation of mass, the patch would have had to be proportionally larger (meaning that the eddy diffusion also would have been even greater than our estimates here).
Formation of Thin Layers of Chalk
[71] Particle distributions in the surface ocean reveal much about the processes that control their distributions. Indeed, particle maxima are typically found in the surface waters of the world ocean. Subsurface maxima of phytoplankton were described in the classic model of Riley et al. [1949] , as well as a number of other works [Lorenzen, 1966 [Lorenzen, , 1967 Steele and Yentsch, 1960; Strickland, 1968] . Numerous hypotheses exist to explain what controls the formation of subsurface maxima of chlorophyll, biomass and particle abundance. Physical mechanisms have been hypothesized to concentrate particles at frontal boundaries [Cullen and Eppley, 1981; Cullen et al., 1982; Karabashev and Solov'yev, 1978; Pingree, 1978; Pingree et al., 1975] . More recently, near-inertial wave shear has been suggested as a means to form thin layers of particles that are tens of centimeters thick [Franks, 1995] , where the thickness is a function of the vertical shear rates and the along-isopycnal length of the phytoplankton patches. Biological mechanisms have also been hypothesized for formation of subsurface maxima. For example, one hypothesis is that subsurface particle maxima represent optimal growth zones for phytoplankton, with sufficient light (propagating downward from above) and sufficient nutrients (diffusing upward from below) Holligan et al., 1984] . Another biological hypothesis invokes differential grazing pressure above and below, but evidence for this is minimal [Cullen, 1982; Cullen and Eppley, 1981] . More recently, thin layers have been described that are between 0.5-and 5-m thick and persist for timescales of days [McManus et al., 2003; Rines et al., 2002] .
[72] In Chalk-Ex, we observed that the chalk became capped by lower density water as a result of surface heating and horizontal advection/intrusion events, and that the chalk was subsequently subducted along density surfaces while the patch was elongated. The prototypical case for this process is the S 0 01 patch, although S 0 03 and N 0 03 also show evidence of this phenomenon The presence of severalmeters-thick, high-backscattering layers along density surfaces (Figures 8b, 8c, 8d, 13e, 13f, 15g , S2b, S2c, S6f, S6g, and S7g) was unequivocal, however.
[73] The fact that the chalk particles were inanimate eliminates most biological mechanisms for thin layer formation (including the grazing hypothesis since rates of chalk grazing were shown to be insignificant (C. H. Pilskaln et al., submitted manuscript, 2009)). Thus, the question is which of the physical mechanisms (or combinations thereof) are the most likely for forming the thin layers. We believe that a combination of subduction, sinking, and shear dispersion was responsible for formation of the thin layers. Of the three processes, sinking appeared to be the least important factor, given the small sinking rates of isolated chalk particles, the lack of evidence for particle aggregation, and the fact that chalk patches were typically distributed along, rather than across, isopycnals. The exception to this was the initial stages of S 0 03 patch evolution, where the patch was distributed across a density gradient of 0.02 kg m
À3
within the upper 15 m (Figure 12 ) prior to being found along isopycnal surfaces at a density higher than the density of the injection region ( Figure 13 ). Still, sinking of individual 2-mm chalk particles (0.1 m d
À1
) would have been too slow to move the particles to 20-30-m depths where they were ultimately found on a timescale of a day. Thus, the inference is that chalk particles were subducted to the base of the mixed layer at rates of 1 -4 m h À1 where they encountered the pycnocline and became concentrated because of the greatly increased density gradient. Shear dispersion processes would act to mix the chalk laterally both during and after the subduction process. This is consistent with the observed elongation of the patch along the upper pycnocline (Figures 8, 13, 15, and S6) . This combined mechanism is compatible with the observations of Osborn [1998] .
Insights for Coccolithophore Bloom Development
[74] The results of Chalk-Ex provide insights into the maintenance and development of coccolithophore blooms. In four patch experiments, each with varying mixed layer dynamics, a kilometer-sized patch became undetectable in 1 -2 days, or, in the case of the N 0 01 patch, it became undetectable within 2 h after chalk deployment was completed. Overall, the rate that chalk became undetectable was extraordinarily fast, with specific rates between 2 and 4 d À1 . Coccolithophore blooms observed from space-based remote sensing are 2-3 orders of magnitude larger than the patches that we produced in Chalk-Ex, and typically, these highreflectance waters are detectable for 2 -3 weeks. [Balch, 2004; Balch et al., 2005 Balch et al., , 1991 Brown and Yoder, 1994; Holligan et al., 1993 Holligan et al., , 1983 Tyrrell and Merico, 2004] .
[75] Critical patch size is defined as the minimal horizontal scale below which no increase in abundance is possible because of dispersive effects of turbulence. This was first described over 50 years ago [Kierstead and Slobodkin, 1953; Okubo, 1978; Skellam, 1951] . Critical patch size can be approximated as a ''critical radius,'' R c , of a twodimensional circular patch, as a function of horizontal eddy diffusivity, D, and a, the net growth rate of the phytoplankton [Okubo, 1978] :
Okubo [1978] showed that with various models for scaling turbulence and algal growth, R c would be $1-2 km for phytoplankton with a net growth rate of 1 d
À1
, at eddy diffusivity levels of about 8 m 2 s
, well below the turbulence levels that we estimated on the basis of the rate of change of the area of the chalk patches.
[76] In chemostat cultures of Emiliania huxleyi, the coccolith detachment rate is equivalent to the coccolithophore growth rate [Fritz, 1999; Fritz and Balch, 1996] . Thus, for a coccolithophore patch to remain visible as a high-reflectance feature, losses due to turbulence and mortality must be minimal [Tyrrell and Merico, 2004] and growth rates (and coccolith production rates) must remain high to offset these losses. Indeed, in the Gulf of Maine, a frequent site of coccolithophore blooms, such blooms are virtually always observed near the summer solstice (as water columns are becoming strongly stratified) [Balch, 2004] . Moreover, they begin in the stratified waters on the eastern side of Jordan Basin, on the stratified side of the Scotian front. Thereafter, the blooms spread into the middle of the Jordan Basin as the surface waters stratify further [Balch, 2004] . The smallest persistent blooms that we have observed in a 9-year time series in the Gulf of Maine have been $30-km-wide [Balch et al., 2008] . Assuming (1) this minimum bloom size was the critical patch size and (2) a realistic net growth rate (and detachment rate) for field E. huxleyi is 0.5 d À1 [Balch et al., 1996a] , then the horizontal eddy diffusivity necessary to constrain such a patch would have been $900 m 2 s À1 , about half the diffusivity that we estimated in our N 0 03 patch in Jordan Basin (during June). In other words, crude diffusivity estimates based on the smallest coccolithophore blooms seen in the Gulf of Maine (and their approximate growth rates) are within a factor of two of turbulence estimates that we made during Chalk-Ex.
Summary and Conclusions
[77] We successfully generated several coherent, kilometer-sized chalk patches using techniques similar to those employed in earlier Iron-Ex experiments [Coale et al., 1998 ]. We used a statistical approach to optically detect the patch over spatial scales of 10 km and timescales of several days. The primary limitations of the experimental design were (1) the limit of detection of the chalk as the patch diffused (mostly horizontally) and (2) the survey patterns used by the single ship to spatially resolve the patches through time. The geophysical statistical approach of ''krigging'' was highly effective for resolving the vertical distribution of the optically active particles over the top 30 m of the water column. Krigging errors were larger, however, when the survey sections were analyzed over the >10-kmdiameter survey areas to produce plan views of the patch.
[78] We were not able to account for 100% of the mass of the chalk in any of the postpatch Scanfish surveys (the most accounted for was 86%). This was because of the rapidity with which the patch dispersed. The rate of dispersal was mainly a function of the level of wind forcing, subduction of the patch along density surfaces, and the strength of density stratification below the mixed layer. Moreover, the rapid loss of chalk could not be attributed to aggregation, rapid sinking, grazing, or dissolution (see companion paper by C. H. Pilskaln et al. (submitted manuscript, 2009) ). Specifically, the hypothesis of rapid chalk sinking below the maximum depth of the observations was negated by a number of lines of evidence, all internally consistent with our observations.
[79] Subduction, gradual sinking, and shear dispersion provide the most likely mechanisms for the rapid chalk dispersal; patch observations based on different optical techniques (e.g., in-water measurements of inherent optical properties, above-water radiometry, or high-altitude imagery) were internally consistent. Patch size calculations made early in each deployment provided the best estimates of horizontal eddy diffusivity, and the results were consistent with this physical mechanism of dispersal. Moreover, diffusivity estimates were consistent with calculations made by others (using the same approach). Vertical sections through the patches showed clear evidence for the chalk patch being subducted along isopycnals while being elongated, and then being further sheared into thin layers at the base of the mixed layer. Interestingly, formation of these thin layers occurred without biological processes of growth or mortality (since the chalk particles were inanimate) and without grazing by zooplankton (C. H. Pilskaln et al., submitted manuscript, 2009 ). This, again, is supportive of a physical dispersal mechanism, applicable to the more general problem of formation of subsurface particle maxima in the sea (such as chlorophyll maxima, thin layers, and nepheloid layers).
[80] Taken together with previous observations of coccolithophore blooms, these observations highlight the importance of rapid coccolith production and detachment for maintenance of a coccolithophore bloom over timescales of several weeks. On the basis of previous work, the minimum size of coccolithophore blooms in the Gulf of Maine (30 km) is fully consistent with the eddy diffusivity values calculated in Chalk-Ex, as applied to the well-known critical patch size concept [Okubo, 1978] .
[81] Finally, these observations illustrate the importance of the spatial scale for the maintenance of optical gradients in the sea. The optical signature for kilometer-sized surface patches of inanimate particles (such as sediments) will be short-lived in coastal and shelf waters because of horizontal eddy diffusion. It was pointed out previously that for dissipation rates of 10 À2 s
À1
, rotating on a horizontal plane at typical inertial frequency, particles that are initially 10 m apart vertically would be predicted to be 1 km apart in just 3 h [Itsweire and Osborn, 1988; Itsweire et al., 1989] , consistent with our observations. Exponential growth of phytoplankton and bacteria, or exponential release of coccoliths associated with exponential growth of coccolithophores, is the most likely reason that optical gradients in coastal waters are maintained for periods exceeding a few days. Using the critical patch concept, the size of any bio-optical phenomena must exceed the critical patch size, R c , if the optical gradient is to be stable through time. For satellite remote sensing from Sun-synchronous polar orbiters, the minimum sample frequency is about one sample per day. Our ability to interpret bio-optical changes in terms of growth and mortality will be compromised for features smaller than R c , since physical processes such as shear dispersion will disperse the small features between consecutive daily satellite overpasses. Natural mortality from grazing will make such features disappear even faster.
[82] There is a continuum of growth rates in the sea, with the smaller organisms typically capable of faster division rates under optimal growth conditions [Sheldon et al., 1972] . Thus, R c for fast dividing bacteria will be smaller than R c for slow growing phytoplankton. This has important ramifications for remote sensing. Remote-sensing reflectance (water-leaving radiance just above the sea surface normalized to incident downwelling irradiance [Mobley, 1994] ) is a function of both spectral backscattering (b b ) and absorption (a), proportional to b b /a [Gordon et al., 1988] . Absorption of visible light is primarily done by phytoplankton [Gordon and Morel, 1983; Yentsch, 1962] , which have relatively slow growth rates, hence their R c will be proportionally larger than faster growing bacteria. However, most of the backscattering of visible light is attributed to 1-mm-sized particles, which includes both picoautotrophs as well as heterotrophic bacteria Ahn, 1990, 1991] . Higher growth rates of the small cells would mean that their critical patch size would be proportionally smaller than for large phytoplankton, meaning that they (and their associated backscattering) are less subject to losses from eddy diffusion. Thus, gradients in phytoplankton absorption would be less stable between daily satellite overpasses than gradients in bacterial backscattering. Put another way, daily, small-scale changes in R rs would more likely result from the eddy diffusion overwhelming the growth of slow growing (light-absorbing) phytoplankton than the fast growing (light-scattering) bacteria. This is why ocean color satellite remote sensing, based on Sun-synchronous, polar-orbiting satellites (with one good overpass per day), will better detect the impact of physics on phytoplankton distributions rather than on bacterial distributions. Conversely, inference of phytoplankton growth from small-scale (<10 km) changes in R rs should be done cautiously, since daily changes more likely result from ocean physics than biological growth and mortality. With the advent of high-resolution ocean color observations from geostationary satellite, it will be possible to better separate physical from biological influences on ocean optical properties, at smaller timescales and space scales. The results will be relevant to both slow growing, absorbing phytoplankton as well as fast growing, backscattering microbes.
